Low energy consumption enabled by charge-free information transport, which is free from ohmic heating, and the ability to process phase-encoded data by nanometer-sized interference devices at GHz and THz frequencies are just a few benefits of spin-wave-based technologies. Moreover, when approaching cryogenic temperatures, quantum phenomena in spin-wave systems pave the path towards quantum information processing. In view of these applications, the lifetime of magnonsspin-wave quanta-is of high relevance for the fields of magnonics, magnon spintronics and quantum computing. Here, the relaxation behavior of parametrically excited magnons having wavenumbers from zero up to 6 · 10 5 rad cm −1 was experimentally investigated in the temperature range from 20 K to 340 K in single crystal yttrium iron garnet (YIG) films epitaxially grown on gallium gadolinium garnet (GGG) substrates as well as in a bulk YIG crystal-the magnonic materials featuring the lowest magnetic damping known so far. As opposed to the bulk YIG crystal in YIG films we have found a significant increase in the magnon relaxation rate below 150 K-up to 10.5 times the reference value at 340 K-in the entire range of probed wavenumbers. This increase is associated with rare-earth impurities contaminating the YIG samples with a slight contribution caused by coupling of spin waves to the spin system of the paramagnetic GGG substrate at the lowest temperatures.
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The fields of spintronics and magnonics promote the realization of faster data processing technologies with lower energy dissipation by complementing or even replacing electron charge-based technologies with spin degree of freedom based devices [1] [2] [3] . Simultaneously, novel fascinating magnetic phenomena-such as, e.g., room-temperature Bose-Einstein magnon condensates [4] [5] [6] , magnon vortices [7] and supercurrents [8] [9] [10] [11] open a whole new range of research areas [3, 12] both for basic and applied spin physics. For these purposes many novel materials have been designed and investigated [13] [14] [15] whereupon one of the most outstanding ones so far is the insulating ferrimagnet yttrium iron garnet (Y 3 Fe 5 O 12 , YIG).
Since its discovery in 1956, YIG has served as a prime example material for its microwave, optical, acoustic, and magneto-optical properties [16] in a wide range of experiments and applications. Nowadays, single crystal YIG films epitaxially grown on gadolinium gallium garnet (Gd 3 Ga 5 O 12 , GGG) substrates [17] [18] [19] dominate in theoretical and experimental studies [5] [6] [7] [8] [20] [21] [22] [23] [24] . Their pertinence ranges from building of devices like microwave YIG oscillators, filters, delay lines, phase shifters, etc. [25] up to the latest high-profile research as in magnonics [26, 27] , spintronics [1, 28] and quantum computing [29, 30] . Consequently it has become clear that a deep understanding of the magnetic damping properties, determining the magnon lifetimes, is of crucial importance throughout these fields. Given its high Curie temperature at 560 K, YIG is applicable at ambient temperatures, where its exceptional low Gilbert damping parameter of down to 10 −5 [31] enables a long spin precession lifetime. Furthermore, in quantum computing YIG is used at very low temperatures for the coupling of single magnons to superconductive qubits in microwave cavities for the storage of information [32] [33] [34] [35] [36] . All of this in connection with arising demands on miniaturization of magnonic devices motivates our studies of the damping behavior in YIG films towards cryogenic temperatures in a wide range of spin-wave wavelengths.
Up to now the temperature dependence of magnetic damping in YIG has been examined only for longwavelength dipolar magnons with wavenumbers q → 0 [37, 38] . There exist numerous ways to measure the relaxation behavior of a precessing magnetic moment in different ranges of magnon wavenumbers. Among the most established are the technique of ferromagnetic resonance (FMR) [39] , the measurement of thresholds of parametric excitation of magnetic oscillations and waves [40] , the determination of spin-wave relaxation time from direct observation of magnetization decay by means of time-resolved Brillouin light scattering spectroscopy [5, 41, 42] and the magneto optical Kerr effect [43] , the magnetic-resonance force microscopy [44] , and echomethods [45] [46] [47] . However, only parametric excitation techniques allow for the effective excitation and probing of dipolar-exchange magnons with wavenumbers up to q ≤ 10 6 rad cm −1 [48, 49] . For example, the parametric pumping process of the first order, as described by Suhl [50] and Schlömann et al. [51] , resembles a form of spin-wave excitation when either a magnon of an externally driven magnetization precession or a photon of a pumping microwave magnetic field with wavenumbers q p ≈ 0 splits into two magnons with opposite wavevectors q and −q at half of the pumping frequency ω p /2. Thus, a rather spatially uniform microwave magnetic field can generate short-wavelength magnons, whose wavenumbers are determined by the applied bias magnetic field H and are bounded above only by the chosen pumping frequency ω p .
In our experiments, we investigated parametrically excited magnons in in-plane magnetized YIG films of thicknesses of 5.6 µm, 6.7 µm and 53 µm, which were epitaxially grown in the (111) crystallographic plane on GGG substrates of 500 µm thickness. In addition, the GGG substrate was mechanically polished away from the originally 53 µm-thick sample down to a 30 µm-thick YIG film. This sample was used to reveal a possible contribution of the interaction between the ferrimagnetic YIG and paramagnetic GGG spin systems to the magnon damping. The YIG samples with lateral sizes of 1 × 5 mm 2 prepared by chemical etching on the 5 × 6 mm 2 large GGG substrates were magnetized along their long axis to avoid undesirable influence of static demagnetizing on the value of the internal magnetic field.
The experimental realization is provided by the microwave setup shown in Fig. 1(a) . The setup is attached on a highly heat-conducting AlN substrate at the bottom and is allocated inside a closed cycle refrigerator system. A microwave pumping pulse of 10 µs duration at a frequency ω p of 2π · 14 GHz with a 10 ms repetition rate and a maximal pumping power P p of 12 W feeds a 50 µm-wide microstrip resonator capacitively coupled to a microwave transmission line. The microwave Oersted field h p induced by the resonator drives the magnetization of a YIG-film sample placed on top of the microstrip. Subsequently the signal reflected by the resonator is forwarded to an oscilloscope.
When the threshold field condition h p = h thr is fulfilled, the action of the microwave Oersted field compensates the spin-wave damping and gives rise to the parametric instability process, where a selected magnon mode, which has the lowest damping and the strongest coupling to the pumping, grows exponentially in time. The arising mode increasingly absorbs the microwave energy accumulated in the pump resonator. This process detunes the resonator and, thus, changes the level of the reflected signal passed to the oscilloscope. As a result, a kink appearing at the end of the reflected pump pulse indicates the threshold microwave power P p = P thr required for the parametric excitation process [52] . P thr can be determined for magnon modes over the wide q-spectral range by changing the magnetic field H, which leads to a vertical shift of the dispersion curve ( Fig. 1 (b) ) along frequency axis and results in a characteristic threshold curve shown in Fig. 1 (c) .
In order to understand the shape of this curve one needs to consider that the overall threshold power P thr is determined by instabilities of magnons excited by the components of the microwave Oersted field oriented both perpendicular h ⊥ ∼ (blue arrow in Fig. 1 (a) ) and parallel h ∼ (red arrow in Fig. 1 (a) ) to the bias magnetic field H [52] . At the critical field H = H c spin waves with q → 0 are excited near the frequency of the ferromagnetic resonance: ω p /2 ≈ ω FMR . In Fig. 1 (c) this situation corresponds to the minima of the threshold curve P thr (H). The threshold power at H ≤ H c is dominated by direct parametric interaction of the parallel field component h ∼ with the lowest thickness mode corresponding to the transversal magnon dispersion branch (red curve in Fig. 1 (b) ) [53] . As this mode is characterized by the largest precession ellipticity, the longitudinal component m z of the precessing magnetic moment strongly oscillates along the direction of the magnetic field H with frequency ω p and thus effectively couples with the parallel component h ∼ of the pumping field. With decreasing external magnetic field, the threshold power slowly increases due to an increase in wavenumbers of the excited magnons and a related decrease in the precession ellipticity [53] . The strong increase in P thr at the magnetic field H below 100 Oe is caused by transition of the homogeneously magnetized YIG film to a multi-domain state.
Above H c no magnons with wavevectors q ⊥ H exist at ω p /2 and the parametric pumping excites magnons propagating at angles θ q < 90
• relative to the field H. These magnons escape the narrow pumping area above the microstrip resonator ( Fig. 1 (a) ) and the related energy leakage results in the sharp jump up in the threshold power just above H c . This confinement effect together with general reduction in the precession ellipticity caused by the decrease of θ q leads to a further transition from the parallel to the perpendicular pumping regimes for H > H c [52] . Finally, the threshold power P thr → ∞ when the bottom of the magnon spectrum is shifted above ω p /2.
For determining the magnon relaxation behavior the pumping regime H ≤ H c is of main interest in this report as the wavenumbers of the parametrically excited magnons can be unambiguously calculated in this case.
Henceforth we approximate h p ≃ h ∼ . Figure 2 presents the dependencies P thr (H) recorded for a number of temperatures in the range from 340 K to 180 K (Fig. 2 (a) ) and from 180 K to 20 K (Fig. 2 (c) ) for the 53 µm-thick film. The dotted arrows indicate the shift of both the critical threshold power P thr (H c ) and H c with temperature. One can see that Fig. 2 (a) shows a decrease in the threshold power with decreasing temperature from 340 K to 180 K. On the contrary, Fig. 2 (c) reveals a strong increase in the threshold power with further temperature decrease from 180 K to 20 K. At the same time, the experimentally determined critical field H c monotonically decreases towards lower temperatures along the whole temperature range.
This decrease of H c relates to an upward frequency shift of the magnon spectrum caused by a temperature dependent increase in the saturation magnetization 4πM s as well as by changes of the cubic H c a and uniaxial H u a anisotropy fields of the YIG film [54, 55] . The field dependence of the wavevector spectral range for the perpendicular spin-wave branch can be calculated using Eq. 7.9 from Ref. [55] :
where ω = ω p /2, γ = 1.76 · 10 7 Oe −1 s −1 the gyromagnetic ratio, and the nonuniform exchange constant D = 5.2 · 10 −9 Oe cm 2 are considered to be not varying with temperature [56] . The difference 4πM s − H c a − H u a is defined from the measured values of H c (T, q = 0). An expected demagnetizing effect caused by a stray magnetic field induced at low temperatures in YIG films by the paramagnetic GGG substrate can be neglected in our case of laterally extended samples [57] .
The calculated dependencies of the magnon wavenumber q = q(H) for different temperatures are shown in Fig. 2 (b) . The vertical dashed lines in Fig. 2 correlate the threshold curves with the corresponding wavenumber at H c . As is shown, in our experiment spin waves are probed by parametric pumping in the wavenumber range from zero to 6 · 10 5 rad cm −1 . The variation of the saturation magnetization directly affects the coupling between the microwave pumping field h ∼ and the longitudinal component m z of the precessing magnetic moment M. As a result, the threshold field h thr is influenced by two temperature dependent physical quantities: the spin-wave relaxation rate and the parametric coupling strength. These influences can be estimated using the relation for the threshold field [55] :
where ω M = γ4πM s , and θ q is the angle between the magnon wavevector q and the magnetization direction. For the parametric excitation near and above the FMR frequency (H ≤ H c ), we can approximate θ q ≈ 90
• . ∆H q is the width of a linear resonance curve of the parametrically excited magnon mode with the wavenumber q. It is defined as ∆H q = 1/(γT q ) = Γ q /γ, where T q and Γ q are the magnon lifetime and the spin-wave relaxation rate.
It is known that the saturation magnetization 4πM s for bulk YIG crystals demonstrates a rather non-linear change with temperature [58] , which can be calculated using the two-sublattice model described in Ref. [59] as it is shown by the red solid line in Fig. 3 (a) . By-turn, the temperature behavior of the cubic anisotropy field can be approximated [57] as
with H [49, 60] . However, due to the unknown contribution of the uniaxial anisotropy [61] , which is caused by a temperature dependent mismatch between YIG and GGG crystal lattices, the calculated temperature dependencies for both 4πM s and for 4πM s − H c a (dashed blue line in Fig. 3 (a) ) significantly diverge from the experimental difference 4πM s − H c a − H u a (see, e.g., the data for the 53 µm-thick YIG film shown by red circles in Fig. 3 (a) ). At the same time, the substrate-free YIG sample of 30 µm thickness prepared from the 53 µm-thick YIG film demonstrates good agreement between experimentally measured (empty blue circles) and theoretically calculated values of 4πM s −H c a . In the case of the thinner YIG films the experimental data for 4πM s − H c a − H u a follow the general trend of the calculated saturation magnetization 4πM s (see Fig. 3 (a) ). This agreement evidences the applicability of the chosen model for our YIG films and allows us to use the theoretical magnetization values for the calculation of the temperature dependent parametric coupling strength.
By assuming initially the value of ∆H q in Eq. 2 to be constant over the entire temperature range and taking into account the theoretical values of 4πM s (T ) we have calculated the normalized (with respect to 340 K) temperature dependence of the threshold field, which is solely determined by the change in the parametric coupling strength. This dependence is shown by the circles in Fig. 3 (b) .
The experimental threshold field h exp thr , which contains information about the relaxation of parametrically excited magnons, can be found from the measured threshold powers using the relation h exp thr = C √ P thr . The value of C depends on the pumping frequency ω p , the geometry and the quality factor of the pumping resonator. As the resonance frequency and the quality factor of our microstrip resonator do almost not change with temperature we assume C to be constant.
The experimental values of the dimensionless threshold field normalized to the reference value at the temperature of 340 K are plotted in Fig. 3 (b) (squares) for magnons excited near the FMR frequency (H = H c ). Its behavior is visibly non-monotonic: down to 180 K the threshold field h exp thr slightly decreases, while below 180 K it increases up to 6.5 times compared to the reference value.
The comparison of the calculated (h thr (T ), circles) and experimental (h exp thr (T ), squares) threshold dependencies clearly evidences that at high temperatures (T ≥ 180 K) the experimental dependencies are mostly determined by the variation in the parametric coupling strength. On the contrary, the strong increase of h exp thr in the lowtemperature range (T < 180 K) is caused by the spinwave relaxation.
Figure 3 (c) shows the normalized relaxation rate Γ q calculated at H c with help of Eq. 2 using h exp thr (T ) and theoretically calculated 4πM s (T ). It becomes evident that for the temperature decrease from 180 K to 20 K the relaxation rate Γ q increases up to about 10.5 times for the 53 µm-thick YIG film while the thinner films exhibit the same trend. The same relaxation behavior, as it is clear from the nearly wavenumber-independent vertical shift of all threshold curves (see, e.g., Fig. 2) , is observed in all range of probed magnon wavenumbers up to 6 · 10 5 rad cm rate is considered to be atypical for pure YIG, for which a monotonic decrease of Γ q is expected with decreasing temperature [62] .
The revealed relaxation behavior at low temperatures can be related either to the contribution of fast-relaxing rare-earth ions contaminating the chemical composition of YIG [63, 64] or to the magnetic losses caused by the dipolar coupling of magnons with the spin-system of the paramagnetic GGG substrate [65, 66] . In order to clarify the origin of the increased relaxation we replicate our measurements on the 53 µm-thick YIG sample after polishing the GGG side down to a 30 µm substrate-free YIG film. The comparison of the relaxation rate is shown in Fig. 3 (d) . Both YIG film samples demonstrate a strong increase in the magnon relaxation rate for decreasing temperatures, starting from approximately 150 K. This fortifies the assumption of the prevailing contribution of fast-relaxing rare-earth ion impurities in epitaxial YIG films at low temperatures. Below approximately 80 K the relaxation rate of the 53 µm-thick YIG sample increases faster in comparison with the polished substrate-free YIG film. This difference can be attributed to coupling of YIG's ferrimagnetic spin system with the electron spins of Gd 3+ ions of paramagnetic GGG. The coupling is supposed to be proportional to 1/T [65] and leads to additional low-temperature energy losses for all YIG films placed on GGG substrates.
For comparison, we measured the temperaturedependent magnon damping in an impurity-and GGGfree bulk YIG sample. Similar to the experiments with YIG films, these measurements, which were performed by means of the parallel parametric pumping technique in an ultrapure YIG crystal of the size of (1 × 1 × 3) mm 3 , show the same damping behavior in a wide range of magnon wavenumbers. However, in contrast to the experiment with YIG films the relaxation rate Γ q monotonically decreases with decreasing temperature. It is clearly shown by the line denoted by semi-filled circles in Fig. 3 (d) . It further supports our assumption about the significant influence of chemical contaminations on magnon damping in epitaxial YIG films at cryogenic temperatures.
In conclusion, in the temperature range from 20 K to 340 K we have investigated the relaxation of parametrically excited dipole-exchange magnons in YIG films of 5.6 µm, 6.7 µm, and 53 µm thickness grown on a GGG substrate by liquid phase epitaxy. We have found that at cryogenic temperatures the magnon lifetime strongly decreases for all film thicknesses. By comparing the substrate-free YIG with the YIG/GGG samples the observed relaxation behavior could be related to the mag-netic damping caused by the coupling of magnons to fastrelaxing rare-earth ions inside the YIG film (T < ∼ 150 K) and to the paramagnetic spin system of GGG substrates (T < ∼ 80 K). Comparison of these results with the data obtained from the ultrapure bulk YIG crystal shows that in order to sustain a long magnon lifetime lowtemperature magnetic experiments in YIG must be performed in chemically-pure and substrate-free samples.
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